Hydrothermal treatment is useful in the recycling of slag and glass discharged from metallurgical or ash melting processes, because it enables valuable porous ceramic materials to be fabricated. Under hydrothermal conditions, raw materials dissolve in a high pressurized water vapor or aqueous solution to form an intermediate hydrate phase containing water. Our previous studies revealed that the hydrothermal reaction of sodium borosilicate glass forms a hydrate glass phase with abundant water, and the glass containing water expands to form a porous glass when annealed, because of water vaporization in the hydrate glass phase. The blast-furnace (BF) slag forms needle-shaped hydrate crystals such as tobermorite (5CaO·6SiO 2 ·5H 2 O) between the initial slag particles. In this study, we have fabricated functional porous glass with hydrate crystals by the hydrothermal treatment of a mixture of BF slag and sodium borosilicate glass particles. The glass/slag mixture can contain water in the hydrate glass phase after hydrothermal treatment, and porous glass was obtained by annealing the glass/slag containing water. Needleshaped hydrate crystals were formed by the hydrothermal reaction of borosilicate glass and BF slag components with highly pressurized water, and have been observed in the porous glass microstructure. Furthermore, we have investigated the effect of slag/glass mass ratio and raw material size on water content and the formation of hydrate crystals in the resulting material after hydrothermal treatment.
Introduction
In recent years, there has been a requirement to fabricate value-added ceramic materials in the recycling of slag and glass discharged from metallurgical or ash melting processes. In most cases, ceramic materials may be prepared from slag and glass using high temperature sintering or a melting process up to 1300 K, although these processes may have high energy consumption.
As a beneficial method to fabricate functional ceramic materials from slag and glass, the authors have focused on hydrothermal treatment using high temperature pressurized water.
111) Under hydrothermal conditions, raw materials react with high pressurized water vapor or aqueous solution to form hydrate glass phases containing water. The hydrothermal process takes advantages of energy consumption because it can be operated at 373623 K which is much lower than the temperature required for the conventional melting or sintering of slag and glass. Furthermore, the hydrothermal process uses water as a reactive solvent, and can be regarded as an environmentally-friendly process.
Our previous studies revealed that the hydrothermal reaction of sodium borosilicate glass forms a hydrate glass phase with high water content. Furthermore, the borosilicate glass containing water expands to form porous glass when annealed because of water vaporization in the hydrate glass phase. 16) On the other hand, the hydrothermal reaction of blast-furnace (BF) slag forms needle-shaped hydrate crystals such as tobermorite (5CaO·6SiO 2 ·5H 2 O) between the slag particles. 1, 711) After hydrothermal reaction, a compacted slag tablet can be obtained from milled slag powder, because tobermorite crystals connect the initial slag particles strongly. It has been found that tobermorite crystals can remove heavy metal ions in an aqueous solution. 12) Therefore, a porous ceramic material containing needle-shaped hydrate crystals is obtained on the pore surface, and the material can be applied as a filter to remove heavy metal ions from polluted aqueous solutions.
In this study, we attempt the fabrication of porous glass with needle-shaped hydrate crystals, using hydrothermal treatment of a mixture of sodium borosilicate glass and BF slag particles. The water content affects the porous structure formation because of its vaporization in the hydrate glass phase when the water-containing slag/glass mixture is annealed. Its existence in the hydrate glass phase during hydrothermal treatment is therefore one of the key factors for the coexistence of the porous structure and needle-shaped hydrate crystals. The formation of a needle-shaped hydrate crystalline phase during hydrothermal treatment is another important factor. These key factors may be controlled by BF slag/borosilicate glass mass ratio, as well as raw material size. Therefore, we have investigated the effect of BF slag/ borosilicate glass mass ratio and raw material size on water content in the hydrate glass phase and the formation of needle-shaped hydrate crystals by hydrothermal treatment of a mixture of BF slag and borosilicate glass. 15) indicated that this glass composition is beneficial for the formation of the hydrate glass phase containing plenty of water after hydrothermal reaction with high-pressurized water. In addition, to make needle-shaped hydrate crystals by the hydrothermal reaction, we used water-cooled BF slag particles with chemical composition in Table 1 . This BF slag composition has a CaO/SiO 2 ratio corresponding to the formation of the tobermorite or xonotlite (6CaO·6SiO 2 ·H 2 O) hydrate crystalline phase, both of which form a needle-or plate-shaped microstructure. However, it should be noted that tobermorite and xonotlite hydrate crystals are formed by the hydrothermal reaction of BF slag only when the initial slag particles are in a glassy state; BF slag in the crystalline state is not beneficial to the formation of these hydrate crystals.
Experimental Procedure
6) Therefore, we verified using X-ray diffraction analysis that the initial BF slag was in the glassy state.
A sealed autoclave was used for the hydrothermal reaction of the BF slag/borosilicate glass mixture. Figure 1 shows a schematic diagram of the autoclave apparatus. The grained BF slag/borosilicate glass mixture (0.5 g) was placed in an inner Teflon crucible, and 5 mL of purified water was supplied to the outer Teflon container separately from the slag/glass mixture sample. The outer container in the autoclave was sealed using stainless steel springs and screws. The autoclave was heated to 473523 K using an electric oven to achieve hydrothermal conditions with high pressurized water vapor. The hydrothermal treatment was conducted by maintaining the autoclave under these conditions for a predetermined time. After hydrothermal treatment, the autoclave was removed immediately from the oven and cooled to room temperature. To remove adsorbed extra water on the surface, the resulting sample was dried at 353 K.
The water content in the slag/glass sample after hydrothermal reaction was determined from the sample mass before and after hydrothermal treatment, using the following equation:
Water content of slag=glass sample;
where W ih and W fh are the sample masses before and after the hydrothermal reaction, respectively. Therefore, we assumed that the change in sample mass during the hydrothermal treatment was attributed to the introduction of water into the slag/glass sample. X-ray diffraction analysis was carried out on the slag/ glass sample after hydrothermal reaction using the Rigaku RINT 2500 with Cu K¡ radiation at 40 kV and 200 mA, to detect the formation of hydrate crystalline phases. Crosssectional microstructures in these samples were observed using a HITACHI TM-1000 scanning electron microscope under an excitation voltage of 15 kV, to verify the formation of the hydrate glass phase and needle-shaped hydrate crystals.
2.2 Preparation of porous structure by low temperature foaming of slag/glass containing water The slag/glass mixture sample containing water was annealed over 473 K at atmospheric pressure to vaporize water in the hydrate glass phase and to form a porous structure. Our previous studies 16) indicated that sodium borosilicate glass containing water exhibits a low glass transition temperature of 453 K, and expands because of its viscous motion when releasing water, which corresponds to a low temperature foaming phenomenon. The porous microstructure in the slag/glass mixture sample after annealing was observed using the HITACHI TM-1000 scanning electron microscope. The vaporized water content of the slag/glass sample by annealing was determined from the sample mass before and after annealing, using the following equation:
Vaporized water content of slag=glass sample;
where W ia and W fa are the sample masses before and after annealing, respectively. The vaporized water content of the slag/glass mixture sample corresponds to the water content used for the low temperature foaming phenomenon and formation of the porous structure.
Results and Discussion
3.1 Effect of BF slag/borosilicate glass mass ratio on water content in slag/glass mixture and porous structure formation Figure 2 shows the water content of the BF slag/ borosilicate glass mixture after hydrothermal treatment at 473 or 523 K for 4 h, with different BF slag/borosilicate glass mass ratios. In this study, both the BF slag and borosilicate glass particles were sieved to a range of 3263 µm. Results indicate that the BF slag/borosilicate glass mixture can contain some water from hydrothermal treatment, as well as a single phase of borosilicate glass. However, as the mass fraction of the BF slag increased, the water content in the mixture decreased gradually. Figure 3 shows results of the vaporized water content of the slag/glass mixture containing water by annealing. The vaporized water content in the slag/glass mixture was proportional to the total water content in the sample after hydrothermal treatment, and decreased gradually as the mass fraction of BF slag increased. The change in appearance of the slag/glass mixture containing water by annealing is shown in Fig. 4 . By annealing, the slag/glass mixture containing water expanded because of water vaporization in the slag/glass mixture. However, as the water content in the sample after hydrothermal treatment decreased, the degree of sample expansion became less significant. Cross-sectional micrographs of the slag/glass mixture after hydrothermal treatment at 473 K for 4 h and after annealing are shown in Fig. 5 , where the mass ratio of the BF slag to the borosilicate glass in the mixture was 3/7. As shown in Fig. 5 (a), the initial slag or glass particles remained in the microstructure of the slag/glass mixture after hydrothermal treatment, and a hydrate glass phase formed around those particles. This hydrate glass phase contains water, which is released when the water-containing glass is annealed.
16) By annealing the slag/glass mixture after hydrothermal treatment, porous structures of 1050 µm pore diameter were obtained, as shown in Fig. 5(b) . Nano-sized needle-shaped hydrate crystals were also found. These crystals were considered to have been formed by hydrothermal treatment.
The above experimental results indicate that the BF slag/ borosilicate glass mixture can include water to form a hydrate glass phase after hydrothermal treatment, and can expand to form a porous structure when annealed. However, the water content after hydrothermal treatment decreases and the degree of sample expansion to form a porous structure by annealing becomes less significant as the mass ratio of BF slag to borosilicate glass increases.
The holding time for the hydrothermal reaction was increased to increase the water content in the slag/glass mixture with a high mass fraction of BF slag after hydrothermal treatment and to exhibit its expansion by annealing. Figure 6 shows the results for a water content of 30 mass% BF slag70 mass% borosilicate glass mixture under hydrothermal treatment at 473 K for different holding times. For comparison, the water content for a single phase of borosilicate glass was also examined under hydrothermal reaction conditions. For a single borosilicate glass phase, the water content increased as the hydrothermal reaction time increased. On the other hand, the water content of the slag/glass mixture did not change significantly despite the increasing hydrothermal reaction time. Borosilicate glass contained plenty of water after a long hydrothermal reaction time and expanded significantly by annealing to form a porous structure. In contrast, the slag/glass mixture did not contain much water even after a long hydrothermal reaction time, and did not exhibit a significant expansion when annealed. showing effect of slag/glass mass ratio on water content (particle size: 3263 µm). Fabricating Porous Glass with Hydrate Crystals from Slag and Glass3.2 Crystallization behavior of BF slag/borosilicate glass mixture by hydrothermal reaction We investigated crystallization behavior during the hydrothermal treatment of the slag/glass mixture. Figure 7 shows results from the X-ray diffraction analysis for the 30 mass% BF slag70 mass% borosilicate glass mixtures with 32 63 µm initial particle size after hydrothermal reaction at 473 K for different holding times. After a short hydrothermal reaction time, the sample was glassy and almost no crystalline phase was detected. As the hydrothermal reaction time increased, however, hydrate crystals such as analcime (NaAlSi 2 O 6 ·H 2 O), paranatrolite (Na 2 Al 2 Si 3 O 10 ·3H 2 O) and hibschite (Ca 3 Al 2 (SiO 4 ) 2 (OH) 4 ) were formed. Paranatrolite has a monoclinic crystal structure, and may correspond to the needle-shaped hydrate crystals shown in the slag/glass mixture microstructure. The formation of analcime and paranatrolite in the slag/glass mixture indicates that the chemical components in the borosilicate glass reacted partially with those in the BF slag and high temperature pressurized water vapor to form a crystalline phase, rather than increasing the water content in the hydrate glass phase. Therefore, the crystallization behavior of the slag/glass mixture during the hydrothermal reaction may have prevented an increase in water content in the hydrate glass phase. This would have resulted in a less significant expansion of the water-containing slag/glass mixture sample by annealing and low porosity formation related to water vaporization in the hydrate glass phase.
A cross-sectional micrograph of the 30 mass% BF slag 70 mass% borosilicate glass mixture is shown in Fig. 8 , after hydrothermal treatment at 473 K for 6 h and with annealing. A porous structure was formed partially by releasing water in the mixture, and needle-shaped crystals were also detected. As compared with the microstructure shown in Fig. 5 , the size of these needle-shaped crystals increased by increasing the hydrothermal treatment holding time.
To achieve the higher porosity and higher proportion of needle-shaped crystals spontaneously, we furthermore attempted to optimize the hydrothermal conditions and initial raw material particle size as discussed below.
3.3 Effect of initial particle size of slag/glass mixture on porous structure formation and hydrate crystallization behavior To increase the water content in the slag/glass mixture under hydrothermal treatment and to promote porous structure formation by water removal, we used initial raw materials with large particle size. Since large slag and glass particles are likely to be isolated from one another and can be reacted independently with high pressurized water vapor, it is expected that the hydrate glass phase with plenty of water obtained by the hydrothermal reaction of borosilicate glass, and the hydrate crystalline phase associated with the hydrothermal reaction of BF slag can coexist. Figure 9 presents the water content of the BF slag/ borosilicate glass mixture with different BF slag/borosilicate glass mass ratio and initial particle size, after hydrothermal treatment at 473 K for 4 h. Regardless of the initial particle size, the water content in the slag/glass mixture decreased with increasing mass ratio of BF slag/borosilicate glass. However, the water content of the sample after hydrothermal reaction increased by using raw materials with large particle size. In particular, the 30 mass% BF slag70 mass% borosilicate glass mixture with 180250 µm particle size contained approximately 30 mass% water after hydrothermal treatment. This value is comparable with the water content in a single phase of borosilicate glass with 3263 µm particle size. Figure 10 shows the hydrothermal reaction time dependence of the water content in a 30 mass% BF slag70 mass% borosilicate glass mixture with different initial particle size. The slag/glass mixture of large particle size exhibited a higher water content after hydrothermal reaction than that of small particle size. Furthermore, the water content in the slag/glass mixture with large particle size increased as the hydrothermal reaction time increased. Figure 11 shows the change in appearance of the slag/ glass mixture composed of large particles after hydrothermal reaction and then annealing. As a result of water vaporization in the slag/glass mixture, the mixture containing water made 30 mass% BF slag70 mass% borosilicate glass mixture made from different raw material particle sizes.
from the large particle sample expanded significantly when annealed. Compared with the result in Fig. 4 , the degree of expansion for the mixture of large particle size was much more significant than that for the mixture of small particle size. Subsequently, we investigated the effect of initial particle size of the slag/glass mixture on the crystallization behavior during the hydrothermal reaction. Figure 12 shows the X-ray diffraction analysis of the 30 mass% BF slag70 mass% borosilicate glass mixtures with 180250 µm particle size after hydrothermal reaction for different holding times. Compared with the results for the slag/glass mixture with 3263 µm particle size, the degree of crystallization was much lower in the slag/glass mixture with large particle size even after hydrothermal reaction for a long time, although a significant amount of hydrate crystalline phase was detected in the slag/glass mixture with small particle size. This indicates that when large slag and glass particles are used, the chemical components in these particles react with the highly pressurized water vapor to form a hydrate glass phase containing plenty of water rather than the hydrate crystalline phase.
The porous glass microstructure obtained from the slag/ glass mixture with large particle size after hydrothermal treatment at 473 K for 16 h and annealing is shown in Fig. 13 . The release of water in the slag/glass mixture by annealing resulted in a homogeneous porous microstructure of 20100 µm pore size. However, a needle-or plate-like structure of hydrate crystals was not found in the microstructure. Therefore, the volume fraction of hydrate crystals was obviously low in the porous microstructure obtained from the slag/glass mixture made from large raw material particles.
The experimental results above indicate that the use of large glass particles enhances the water content in the slag/ glass mixture samples during hydrothermal reaction, and assists in the formation of a homogeneous porous structure because of the significant sample expansion when annealed. However, the degree of crystallization during hydrothermal reaction becomes less significant when large slag particles are used as raw material. It should be noted that the use of borosilicate glass contributes to the enhancement of water content of the material during the hydrothermal reaction, while the BF slag reacts with highly-pressurized water to form hydrate crystals. Therefore, it is expected that the slag/glass mixture composed of large particles of borosilicate glass and small particles of BF slag may be preferable for both the formation of a highly porous structure and hydrate crystals after hydrothermal treatment and annealing.
We conducted hydrothermal treatment on the slag/glass mixture composed of large particles of borosilicate glass and small particles of BF slag. Figure 14 shows the water content of the BF slag/borosilicate glass mixture with different slag/glass mass ratios after hydrothermal treatment at 473 K for 8 h, where borosilicate glass of 180250 µm and BF slag of 3263 µm particle size were used as raw materials. The water content was maintained high for the slag/glass mixture containing up to 20 mass% BF slag. When the mass fraction of BF slag exceeded 20 mass%, however, the water content of the sample after hydrothermal reaction decreased significantly. Figure 15 shows the X-ray diffraction spectra for the slag/glass mixture with different mass ratios of large particles of borosilicate glass to small particles of BF slag after hydrothermal treatment. For the slag/glass mixture containing less than 20 mass% BF slag, the degree of crystallization was poor. In contrast, many hydrate crystalline phases were detected in the sample containing more than 30 mass% BF slag. This indicates that as the mass fraction of BF slag in the slag/glass mixture increases, the chemical components in the BF slag and borosilicate glass favor reaction with the highly pressurized water vapor to form a hydrate crystalline phase rather than increasing the water content in the mixture.
Changes in the appearance of the water-containing slag/ glass mixtures by annealing and the cross-sectional microstructure in the mixtures after annealing are shown in Fig. 16 , where those mixtures were made from large particles of borosilicate glass and small particles of BF slag. When the mass fraction of BF slag in the slag/glass mixture was low, the mixture containing water expanded significantly when annealed to form a homogeneous porous structure. However, the proportion of hydrate crystalline phase was too low to be detected in the porous structure. As the mass fraction of BF slag increased, the degree of expansion of the watercontaining slag/glass mixture by water release became less significant. A porous structure was formed partially in the resulting sample, but the porosity decreased as the mass fraction of BF slag in the slag/glass mixture increased. Needle-like hydrate crystals were visible in the porous structure, and their concentration in the microstructure increased. The coexistence of porous structure and needlelike hydrate crystals was achieved by preparing the slag/ glass mixture using large particles of borosilicate glass and small particles of BF slag. Hydrothermal treatment was then conducted to allow the mixture to contain water and form hydrate crystalline phases, followed by annealing of the water-containing slag glass mixture.
It has been known that tobermorite has a layered crystal structure of silicate tetrahedral and Ca 2+ cations, and it can remove heavy metal ions in an aqueous solution by exchanging these ions for Ca 2+ cations in the layered structure. 13, 14) As well as tobermorite, several hydrate crystals with layered crystal structure exhibit high capabilities in removing heavy metal ions in polluted aqueous solutions, 15) although paranatrolite and analcime, which were obtained by the hydrothermal reaction of BF slag and borosilicate glass in this study, do not have a layered crystal structure. Therefore, if the porous ceramic material with hydrate crystals of layered structure is obtained on the pore surface by optimizing the slag/glass mixture compositions and hydrothermal conditions, this porous material may contribute beneficially in the removal of heavy-metal ions in an aqueous solution.
Conclusions
In this study, we fabricated porous ceramic materials containing needle-like hydrate crystals using the hydrothermal reaction of a mixture of sodium borosilicate glass and BF slag. The following conclusions were obtained: (1) After hydrothermal reaction, the hydrate glass phase containing water and hydrate crystals was formed in the slag/glass mixture. However, the water content in the slag/glass mixture after hydrothermal reaction decreased when the mass fraction of BF slag increased. By annealing the water-containing slag/glass mixture under atmospheric pressure, porous ceramics were obtained as a result of sample expansion and removal of water in the hydrate glass phase.
(2) As the holding time for hydrothermal reaction increased, needle-like hydrate crystalline phases were grown in the slag/glass mixture, although the water content in the hydrate glass phase did not increase. Not only hibschite (Ca 3 Al 2 (SiO 4 ) 2 (OH) 4 ), which is originally formed by the hydrothermal reaction of BF slag with high pressurized water, but also other hydrate crystalline phases were formed. These phases contained the chemical components of both the borosilicate glass and BF slag. Therefore, the chemical components in the borosilicate glass reacted partially with highly-pressurized water to form hydrate crystals with those in BF slag rather than allowing the slag/glass mixture to contain abundant water. (3) When large particle borosilicate glass is used as raw material, the slag/glass mixture contains abundant water after hydrothermal treatment even though the mixture includes a large amount of BF slag. This slag/glass mixture expands significantly when annealed to form a porous structure with high porosity and large pore size. In terms of hydrate crystal formation, however, the use of large particles of BF slag as raw material prevents the formation of a hydrate crystalline phase by hydrothermal reaction.
(4) By using large particles of borosilicate glass and small particles of BF slag as raw materials, both hydrate glass phases containing much water and hydrate crystals were formed in the slag/glass mixture by hydrothermal reaction. By annealing the slag/glass mixture after hydrothermal treatment, a porous ceramic material with needle-shaped hydrate crystals adjacent to the pore surface was obtained successfully.
